A novel ,-lactamase, which had a pl of 6.5 and a molecular weight of 25,000, was observed in two Pseudomonas aeruginosa isolates. The enzyme, designated NPS-1, was encoded by a plasmid of molecular weight 41 x 106 which also encoded resistance to streptomycin and sulfonamide. This plasmid, designated pMLH50, was freely transmissible to other P. aeruginosa strains, but not to Escherichia coli K-12. The enzyme was purified partially and shown to have activity against both penicillins and cephalosporins. Vmax rates for oxacillin and carbenicillin were less than 50% of the Vmax for benzylpenicillin, and the Vmax for cephaloridine was only 3% of the Vmax for benzylpenicillin. Imipenem, aztreonam, and several antipseudomonal cephalosporins were stable to the enzyme. Hydrolysis of most substrates obeyed Michaelis-Menten kinetics, but cefsulodin induced a reversible reduction in the activity of the enzyme. Transconjugants of the ,I-lactamaseproducing isolates in P. aeruginosa PU21 acquired f(-lactam resistances which mirrored the hydrolytic activity of the enzyme.
P-Lactamases (EC 3.5.2.6) inactivate penicillins and cephalosporins by hydrolyzing the amide bond of the P-lactam ring and are a major source of resistance to these antibiotics. Some of the enzymes can be encoded by plasmids and are of especial concern since their increasing dissemination has introduced resistance in hitherto sensitive organisms. Matthew et al. (14) detailed 11 plasmid-mediated ,Blactamases from gram-negative bacteria, and this list has now been increased to include over 20 distinct enzymes (16, 20) . Individual enzymes are distinguished by their biophysical and catalytic properties, and they are most readily typed by their isoelectric points (pls).
Plasmid-mediated ,-lactamases are infrequent in Pseudomonas aeruginosa isolates from British hospitals (22, 23) , but are an occasional source of high-level resistance to carbenicillin in this species. Recently we observed two P. aeruginosa strains which were highly resistant to carbenicillin (MIC, 2,048 pLg/ml) and which synthesized a P-lactamase with a pI of 6.5, distinct from previously described plasmidmediated P-lactamases (23) . The present study characterized the biochemical properties of this enzyme and demonstrated that it was encoded by a self-transmissible plasmid.
MATERIALS AND METHODS Bacterial strains. P. aeruginosa M302 and M335 were clinical isolates obtained at Barking Hospital, Barking, Essex, United Kingdom. Strain M302 was isolated from a leg ulcer on an outpatient who had previously undergone knee surgery at the hospital; strain M335 was a respiratory tract isolate from a traffic accident victim who had been admitted to the hospital's intensive-therapy unit. Despite these source differences, the organisms were of the same serotype (0:6) and had identical bacteriophage susceptibility profiles, and may therefore have represented duplicates. Both organisms were received by us during a recent national survey of antibiotic resistance in P. aeruginosa. During this survey 1,866 consecutive P. aeruginosa isolates (53 from Barking Hospital) were examined (22, 23) . P. aeruginosa PU21 ilv leu rifstr was described by Jacoby (7), P. aeruginosa PA0674 met his ilv hsd rifwas described by Dean et al. (5) -Lactamase identification by analytical isoelectric focusing. ,-Lactamases were extracted from nutrient agar slope cultures as described previously (9) . Isoelectric focusing was performed routinely overnight at low power (1 to 4 W) in 7% polyacrylamide gels containing 2% (vol/vol) Pharmalyte (pH 5 to 8) (Pharmacia Fine Chemicals) on a home-made apparatus by the method of Matthew et al. (15) . Rapid focusing was performed occasionally, with a Pharmacia FBE 3000 apparatus at 20 W constant power for 90 min. The gels for this system were supplemented with 10% (wtlvol) sucrose but were otherwise identical to those used on the low-power system. ,B-Lactamases were visualized by flooding the gels with 1 mM nitrocefin.
Transfer of resistances. Exponential-phase cultures (ca. I8-Lactamase extraction and purification. Strain M302 was used as a source of enzyme for these studies. Lateexponential-phase cells were harvested from 2 liters of nutrient broth (CM69; Oxoid) culture, suspended in 25 ml of 0.01 M phosphate buffer (pH 7.0), and frozen and thawed twice to liberate the periplasmic contents. Debris was removed by centrifugation at 100,000 x g (30 min at 4°C), and the ,B-lactamase-containing supernatant was subjected to preparative isoelectric focusing for 6 Fig. 1 . The donor strains were also highly resistant to spectinomycin (MIC, >1,000 ,ug/ml), chloramphenicol (MIC, >200 ,ug/ml), tetracycline (MIC, >200 ,ug/ml), and mercuric chloride (MIC, >50 ,ug/ml), but these resistances were not transferred. The (Fig. 2) . Such behavior is incompatible with Michaelis-Menten kinetics, which require a reduction of at least 50% in substrate concentration for a halving of reaction velocity. Since addition of further cefsulodin midway through the hydrolysis assay did not reaccelerate the hydrolysis velocity (Fig. 3A) , this behavior was deduced not to reflect end product inhibition, but rather some form of substrate-directed reduction in enzymatic activity. This conclusion was supported by the observation that, if a further volume of enzyme was added during the course of cefsulodin hydrolysis, the reaction rate initially more than doubled and then declined rapidly (Fig.  3B) . Further experiments probed the reversibility of this phenomenon. If volumes (100 pd) were withdrawn from a reaction mixture, which comprised 100 ,ul of enzyme plus 1 ml of 0.05 mM cefsulodin, when 50% of the cefsulodin had been hydrolyzed and were diluted into 1 ml of 0.5 mM benzylpenicillin, the initial rate of benzylpenicillin hydrolysis was only 50% of the control value obtained with cefsulodin-untreated enzyme. Gradually, however, the rate of penicillin hydrolysis by the cefsulodin-treated enzyme accelerated, indicating enzyme reactivation. Samples removed from a reaction mixture of cefsulodin plus enzyme after complete cefsulodin hydrolysis were found to have recovered full activity against benzylpenicillin. Taken together, these findings indicated that the cefsulodin-directed reduction in enzyme activity was reversible.
Other biochemical and biophysical properties of NPS-1. NPS-1 had a broad pH optimum, from 6 to 8, and retained good activity at more alkaline pH. Its activity against 0.5 mM benzylpenicillin was not inhibited by 0.1 mM cloxacillin nor by 0.1 mM p-chloromercuribenzoate. Gel filtration indicated a molecular weight of 25,000 ± 2,000. Growth of strains M302 and M335 in the presence of carbenicillin, cephaloridine, or cefoxitin did not increase the hydrolytic activity of the cell sonic extracts against carbenicillin, suggesting constitutive expression of NPS-1. Growth with cephaloridine and cefoxitin, however, did ihcrease the activity of cell sonic extracts against cephaloridine, presumably because of induction of the Sabath and Abraham P-lactamase, which is active against this antibiotic but not against carbenicillin.
I-Lactam resistance conferred by production of NPS-1. P. aeruginosa PU21 transconjugants which acquired NPS-1 production exhibited increased resistance to carbenicillin, azlocillin, cefoperazone, and cefsulodin, whereas aztreonam, cefotaxime, ceftazidime, ceftriaxone, imipenem, and moxalactam retained full activity (Table 1) .
DISCUSSION
Electrofocusing and hydrolysis studies confirmed that NPS-1 was distinct from previously described plasmid-and transposon-mediated ,-lactamases. Only three of these enzymes, namely LCR-1 (19) and the transferrable P- lactamases from Proteus mirabilis N-9 and N-29 (20) , have pIs between the accepted values for PSE-2 (6.1) and PSE-3 (6.0) enzymes, and NPS-1 did not correspond to any of these. LCR-1 focuses between PSE-1 and PSE-2 enzymes, not between PSE-2 and PSE-3 ( Fig. 1 ; also see reference 19) , and we found a pl for LCR-1 of 5.8 to 5.9. The Proteus mirabilis N-9 and N-29 enzymes hydrolyzed carbenicillin more rapidly than benzylpenicillin, whereas NPS-1 exhibited the converse pattern. Although NPS-1 focused very closely to PSE-2 under high-power conditions, these enzymes are grossly different, and PSE-2 is more active against methicillin and oxacillin than against benzylpenicillin (9, 14) . The moderate ratio of Vmax for oxacillin to Vmax for benzylpenicillin (40%) seems unique to NPS-1: all the other plasmid-mediated ,B-lactamases give ratios of >,100% (OXAclass enzymes and PSE-2) or <10%o (TEM-related and other PSE enzymes) (16) . It should be added that NPS-1 did not bear any striking resemblance to the chromosomal ,3-lactamases of gram-negative bacteria, most of which have a Vmax for cephaloridine that is greater than the Vmax for benzylpenicillin and are virtually inactive against oxacillin and carbenicillin. The reversible reduction in activity of NPS-1 caused by cefsulodin resembled the previously described substratedirected effects on other ,-lactamases (18). 3-Lactams which act in this manner have been termed class A substrates (2), and their behavior may indicate (i) the formation of a rather stable enzyme-substrate complex which is not an intermediate on the normal catalytic pathway of hydrolysis or (ii) the substrate-directed interconversion of the enzyme between two isomeric forms which possess different catalytic properties (18) . Cefsulodin has not been reported to be a class A substrate of other 1-lactamases, and studies in this laboratory have indicated that its hydrolysis by TEM-1 and TEM-2, SHV-1, and PSE-1 and PSE-4 enzymes obeys Michaelis-Menten kinetics (D. M. Livermore, Ph.D. thesis, University of London, 1983).
The resistance conferred on P. aeruginosa PU21 by production of NPS-1 broadly mirrored the hydrolytic activity of the extracted enzyme (Table 1) , encompassing the labile compounds carbenicillin, azlocillin, cefoperazone, and cefsulodin, but not the more stable antibiotics cefotaxime, ceftazidime, ceftriaxone, moxalactam, and imipenem. This spectrum of resistance resembled that found to be conferred in P. aeruginosa by production of most other plasmidmediated 1-lactamases (8, 11) .
